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Morphometry and Hydrology of the Four Large

Lakes of Sweden

The four largest Swedish lakes Vanern, Véttern, Malaren
and Hjalmaren all have a tectonic origin with multidirec-
tional fault fissures, which influence the topography of the
bottoms and the creation of subbasins. All the four lakes
have been subject to several glacials, the latest of which
started to recede from central Sweden c. 10 000 years ago.
The many differences between the four lakes can be
explained by their shapes, sizes and the relation between
the sizes of the drainage basins and the size of the lakes.
This paper focuses on processes considered relevant to
aquatic organisms of the lakes: water balance, water resi-
dence time, water temperature, water exchange between
subbasins within the lakes, and other internal water move-
ments. Links between pollution, water exchange and reten-
tion of nutrients are discussed with an example from Lake
Vanern.

INTRODUCTION

Sweden is fortunate to have a great number of fairly large lakes.
There are 395 lakes with a surface area exceeding 10 km® within
the country (1). The four largest lakes, L. Vinern, L. Vittern,
L. Milaren and L. Hjalmaren, all situated in central Sweden,
have a total surface area of 9086 km?, which constitutes 21.6%
of the total lake area of Sweden. The drainage area of these four
lakes amounts to 79 845 km®, which is c. 18% of the total area
of Sweden. In a global perspective, L. Vénern is ranked as 29
and L. Vittern as 42 based on lake volumes. L. Milaren and L.
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Hjdlmaren, where the latter constitutes a part of the drainage area
of L. Milaren, are smaller and do not belong to the 50 largest
lakes in the world (2).

All lakes have been shaped and reshaped by several glacials
that have covered Scandinavia and parts of northern Europe dur-
ing the past 3 million years. The latest glacial began retreating
from central Sweden c. 10 000 yrs ago. The lakes provide an
exceptional freshwater supply and support abundant fish com-
munities. Their attractive sceneries and closeness to populated
areas also make them important recreational resorts. When com-
paring the lakes, however, it is remarkable how fundamentally
different they are in most respects. The range of processes that
regulate the hydrology of the lakes is very broad. This can be
explained by variations in morphometry and differences in the
ratios between the lake area and drainage area as well as the size
of the lake itself.

Indeed, the only things they seem to have in common are their
large size in relation to other Swedish lakes and their position
within the temperate zone, which make them subject to a simi-
lar climate.

Here an attempt is made to describe the structural circum-
stances and hydrological processes that have been identified, and
to elucidate the differences. The links between water exchange
and chemical response are discussed with an example from L.
Vinern. The sediments have not been treated in this paper but
it must be emphasized that the exchange between sediment and
water is important. A number of investigations of bottom dy-
namics and sediment concentrations, mainly of metals, have been
published by Hékanson (3—6). Furthermore, Hékanson studied
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lake-basin morphology, sedimentology and the theory behind
sediment dynamics.

MORPHOMETRIC FEATURES

The most striking features of the lakes are their shapes (Fig. 1).
Vinern, Mélaren and Hjdlmaren all have morphometric constric-
tions, which more or less separate subbasins from each other,
leading to variations in water quality between different subbasins
of the same lake. L. Vittern forms an exception because it con-
stitutes only one basin. Furthermore, the lakes differ in their
abundance of islands. L. Vidnern has several groups of islands
located in various parts of the lake. L. Vittern has all its islands
but one, Visingsd, concentrated as an archipelago in its north-
ern part. L. Milaren is yet again different, having a lot of large
islands that almost fill the subbasins entirely (Fig. 2). Indeed,
L. Milaren could be considered as one big archipelago contain-
ing both large islands and small islets.

L. Vittern was created by a series of vigorous movements in
the earth’s crust. The large east-west fault, through the present
outlet of the lake, first appeared 200-400 million years ago.
Around 40-50 million years ago, the region around today’s
southernmost part of the lake was subject to great tensions that
stretched the earth’s surface in an east-west direction. As a re-
sult of these forces the surface cracked, whereupon the fault that

constitutes L. Vittern was created. A fault precipice on the east-
ern side of L. Vittern was produced at this time.

A north-south zone of faults divide L. Vénern into 2 separate
subbasins, Varmlandssjon and Dalbosjon. They are separated by
a shallow archipelago area. The lake bottom topography is gen-
erally very rough. A very conspicuous marginal moraine trans-
verses the lake at the southernmost end and gives rise to 2
pointed capes facing each other. They form a topographical bar-
rier between the outlet bay and the central parts of Dalbosjon
(Fig. 1). L. Vénern has many archipelagoes, which in some cases
receive water from tributary rivers. The degree of constriction,
water turnover and differences in water flow and water quality
of the tributaries, produce great variation in dynamic patterns.

The complicated structure of L. Mélaren was created by faults
consisting of several fissures orientated in a north-south direc-
tion. The division into several subbasins is caused partly by tec-
tonics and partly as a result of glacials which produced moraine
structures, such as eskars that transversed the lake.

The predominant features of the morphometry of L. Hjdlmaren
are faults and ridges. Three noticeable fault zones, mainly run-
ning in an east-west direction, can be identified in the southern
parts of the lake. The northern parts are shallower and dominated
by islands, capes and bays. Several eskars cross L. Hjdlmaren
from north to south. The ridges and faults divide the lake into 5
rather distinct subbasins, named (from west to east): Hemfjérden,
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Table 1. Morphometric data on Vanern, Vattern, Mélaren and
Hjalmaren. Data sources: Vanern (4), Vattern (3), Malaren (7) and
Hjalmaren (8).

L. L. L. L.
Vanern Vattern Malaren Hjalmaren
Water volume, km?® 153 74 14.0 3
Surface area*, (a) km? 5648 1856 1096 484
Drainage area**, (A) km? 46 830 6359 22 603 4053
Ratio a/A 0.12 0.29 0.05 0.12
Maximum depth, m 106 128 63 22
Mean depth, m 27 39.8 12.8 6.1
Shore length development, km 1943 460 960 290
Lake area/shore length ratio, km 2.9 4.0 1.1 1.7
Number of islands > 0.01 km? 813 87 397 99
% island area 4.1 2.2 32.2 3.1

Number of subbasins 2 0 5 5

* islands excluded
** including lake area
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Table 2. Annual water balance for the Swedish large lakes
expressed in mm yr . Data sources: Vanern (9), Vattern (3),
Malaren (8) and Hjalmaren (10).

L. Vanern L. Vattern L. Malaren L. Hjalmaren
Time period 1931-1960  1941-1970 1965-1998 1966-1984
Input 2679 612 4872 1746
Precipitation 631 510 533 502
Lake evaporation 541 442 470 502
Output 2768 680 4934 1746
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Mellanfjarden, Storhjdlmaren, Eastern Lake Hjdlmaren and
Southern Lake Hjdlmaren (Fig. 2).

WATER BALANCE

The water balance for the lakes summarizes all imports and ex-
ports of water to the individual lakes (Table 2). The precipita-
tion is around 500 mm yr ' (500630 mm yr '), with the higher
values in the western drainage basins. The annual evaporation
from all four lakes is in the range of 500 mm yr ' (470570 mm
yr'). Precipitation on the lake surface, thus, roughly balances
the evaporation. Due to the different size of the drainage areas
the water throughflow in the lakes varies by more than one or-
der of magnitude (Table 2). It is noticeable that deposition of,
e.g. pollutants on the lake surface will have a stronger effect on
a lake with a large proportion of direct precipitation than one
with a small proportion since most often airborne pollutants show
high retention in the watersheds. L. Mélaren is thus least affected
by precipitation over its surface, as precipitation only accounts
for 10% of the total water inflow to the lake. At the other ex-
treme, on-lake precipitation has a greater impact on L. Vittern,
which receives 45% of the water that has not passed through soil.
Such a lake is very sensitive to the composition of the precipi-
tation.

EXTERNAL WATER EXCHANGE

The tributaries to the lakes have various hydrological regimes.
Those discharging into L. Védnern and L. Milaren in particular,
are situated in a border zone between a northern snow regime,
with low winter- and high spring snowmelt runoff, and a mixed
snow- and rain regime with higher winter runoff. This means
that the inflow throughout the year varies between lakes, but also
between different parts of the same lake. The interannual varia-
tion may also be large.

More than one third (c. 35%) of Lake Vinern’s water inflow
is provided by the river Klardlven, which has a typically north-
ern snow regime (11). In total, 80% of inflowing water is de-
rived from regions with a northern snow regime. All major wa-
tercourses with this regime are however regulated, leading to a
levelling out of the variation over the year. The watercourses
feeding the southern parts of the lake have a more irregular flow,
and have larger interannual variation than the northern inflows.

L. Mélaren’s main drainage basins are located to the north and
west of the lake (Fig. 1). These regions are characterized by the
northern snow regime. In the southern and eastern parts of the
lake and its surroundings, the hydrological regime is quite vari-
able, and winters may either be anything from snow-free to hav-
ing a long-lasting snow cover.

Due to the storage properties of Lake Hjdlmaren the water runs

without large flow variations through the river Eskilstunaan into
L. Milaren. Two watercourses, the rivers Svartdn and Taljea,
together provide 64% of the water inflow into L. Hjédlmaren and
both drain regions with a mixed snow-rain regime. They enter
the lake in its westernmost and southern basin, respectively (Fig.
2).

L. Vittern has a small watershed in comparison to the sur-
face area of the lake. The drainage area looks like a rather thin
lining around the lake. A number of unregulated, minor water-
courses, the largest of which is the river Forsvikséan, feed L.
Vittern and all have a mixed hydrological regime (Fig. 2).

All lakes are influenced by the above variation in water-flow
regimes in such a way that both the inflow and the outflow of,
e.g. nutrients, are unevenly distributed throughout the year. In
some cases, this has a crucial impact on the supply and consump-
tion of nutrients, as biological processes are governed mainly
by the access to nutrients and light.

The fate of substances in lakes is also strongly dependent on
the water residence time in the lake basins, here defined as the
volume of the lake divided by the total water input to the lake
(Table 3).

Lakes with short residence times are also very sensitive to
interannual flow fluctuations, because a large portion of the water
in those lakes is exchanged during a year. In this respect, the
four large lakes discussed here display extreme differences. For
L. Vittern, with its large water volume and comparatively small
water inflow, seasonal variations in the tributary watercourses
have very little impact on the lake’s water quality. In contrast,
Milaren and Hjdlmaren are strongly affected by the annual peaks
in water inflow and the associated input of substances, that have
an impact on the biological production in the lakes.

Large lakes often have long water residence times as compared
to small lakes. Whereas the residence time for the four largest
Swedish lakes spans between 2.8 and 58 yrs (Table 3) the me-
dian residence time for 1570 common Swedish forest lakes
(0.01-95 km?) is calculated to be 0.7 yrs (12). The residence time
of water in L. Vittern is extremely long, which is also verified
by a comparison with the two largest European lakes Ladoga
and Onega, which both have residence times of 12 yrs (13). The
Laurentian Great Lakes have water residence times varying be-
tween 2.6 and 190 yrs. However, some subbasins or bays with
confined archipelagoes that border the Swedish large lakes have
much shorter residence times than the entire lakes.

LAKE INTERNAL WATER EXCHANGE

Water residence times in subbasins within a lake are generally
shorter than for the entire lake, and as a result retention of all
nonconservative substances is affected.

Nonconservative substances, such as phosphorus, nitrogen or-

Table 3. Hydrological data on Vanern, Vattern, Mélaren and
Hjéalmaren (4).

L. L. L. L.
Vanern  Vattern Malaren Hjalmaren

Mean outlet discharge, m*s™ 496 42 168 27
Mean surface runoff L s km? 11.6 6.6 7.4 6.6
Residence time, years 9.8 58 2.8 3.7
Water level amplitude, m 1.7 0.28 0.95 0.6
Upperma.s. |. 44.85 88.58 1.11* 22.22
Lower ma.s. | 43.16 88.30 0.16* 21.62
* ref. (14)
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Table 4. Water flow and residence time of water as well as
phosphorus and nitrogen retention in the different subbasins of
L. Malaren. Data sources: phosphorus retention (15), nitrogen
retention (16).

Basin A B C D E L.
Malaren

Outflow (m* s™) 89 132 144 26 172 172
Residence time (year) 0.07 0.6 1.9 1.3 0.3 2.6
Phosphorus retention 7 29 52 45 27 70

(% of total input)
Nitrogen retention 5 24 42 31 23 56

(% of total input)
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ganic matter, etc., brought into the lakes are affected by time-
dependent degradation or by sedimentation processes which will
proceed roughly proportional to the water residence time of the
lake itself, and also to the residence times within different
subbasins of the lake.

An example from L. Milaren can illustrate how varying wa-
ter residence times in the subbasins of the lake (Fig. 2) influ-
ence the phosphorus and nitrogen retention.

Both the residence times and nutrient retentions in the
subbasins are smaller than those of the entire lake (Table 4).
There is a highly significant linear positive correlation between
the water residence time and nutrient retention, R*= 0.94 for
phosphorus retention and 0.93 for nitrogen retention.

Water exchange or “ventilation” between coastal areas and
major open basins are also important in the discussion on the
role of coastal archipelagoes or bays as “nutrient filters” mean-
ing their local nearshore retention. Methods to estimate water
residence times for different semi-isolated archipelagoes or
embayments have been developed and applied to some archi-
pelagoes bordering L. Vanern (17). The “salt dilution method”
(18) has been rather successful as a way of determining the wa-
ter exchange in L. Vénern (19).

The salinity of many tributaries deviates from that of the re-
ceiving waterbody, which often results in a salinity gradient
around the mouth of the tributary in bays or archipelagoes. The
difference in water salinity between such an archipelago area,
and the lake beyond is a measure of the water-exchange prop-
erties of the lake. These can be calculated from a mixing equa-
tion between river-water salinity and that of the main body of
the lake.

Another method of measuring water exchange is based on the
hypothesis that a large part of the water exchange in a semi-
enclosed nearshore area can be explained by the morphometry
of that area. The model developed (20) was successful in ex-
plaining the exchange time of the surface water, using
morphometric data such as the size and shape of the studied area
summarized as an index of topographic openness (Fig. 3).

The 2 methods described above have both been applied in
various archipelagean regions of L. Vénern, e.g. in studies of
the mouth of Klardlven (Table 5).

The morphometric approach was based on a function describ-
ing water residence time as a function of topographic openness
(Fig. 3). As can be seen from the Table the methods give esti-
mates of the same magnitude but with some divergencies. The
morphometric approach tends to give more rapid turnover time
than the salt dilution method, which is explained by the fact that
the morphometric approach only takes surface water into ac-
count. By the use of these water residence times applied to an
empirical phosphorus retention model (21), a phosphorus reten-
tion of 15-22% was calculated for these nearshore areas as com-
pared to estimates of 70% phosphorus retention for L. Védnern
as a whole (22).

HYDRODYNAMICS

Within-basinwater movements are created by various processes

that may act singly or in combination, and be occasional or act

with long duration. They may be divided into 4 groups:

i) river inflows;

ii) convective currents;

iii) wind-induced currents (direct and indirect via surface seiches,
etc.);

iv) internal seiches.

Local water inflow: i) This inflow from watercourses feeding
a coastal area causes outward water movement. River flow may
also block counter flow of coastal water if the river mouth is
situated in a semienclosed area and the flow is high. If the en-
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tering water has a deviating density, (salinity or temperature de-
pendent) currents are induced. Such currents are basically a
nearshore or archipelago phenomenon important for water ex-
change between archipelagoes or bays and the offshore regions.

Convection: ii) The cooling of surface water, gives rise to cur-
rents when the water sinks due to increased density. Such mix-
ing is a lakewide phenomenon. Through autumn convection the
thermocline weakens and sinks. Autumnal strong winds enhance
the destabilization, which ultimately leads to the breakdown of
temperature stratification. However, temperature changes occur
faster in shallow areas than in neighboring deep areas. The den-
sity difference between warm and cool water, therefore, also
causes a water exchange between the archipe-
lagean region and the main water mass.

Wind interactions: iii) With the water surface these interac-
tions give rise to an array of water movements. Several of these
are confined only to large lakes or become important only in such
lakes.

Lakes with large open areas are more exposed to wind than
small lakes. A larger wind fetch supplies more energy to the wa-
ter mass and causes a more efficient mixing of epilimnion and
a deeper thermocline than in smaller lakes. Temporal wind vari-
ations produce complex patterns of currents with oscillations and
countercurrents. When winds act upon the surface of a lake, the
surface becomes tilted as the water level rises towards the wind-
ward shore and sinks on the lee side. In a stratified lake, the water
masses are shuffled too, and the warm surface water gathers on
the windward side and the colder water on the lee side, causing
the thermocline to become tilted. An alteration of the wind,
whether a cessation or a change of direction, causes the body of
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Figure 3 Water residence time of surface water as a
function of topographic openness. The function is derived
for embayments or archipelagoes along the Swedish
coast (20). Residence times calculated by the salt dilution
method for 3 bays in Vanern (see text) indicated for
comparison.

Table 5. Residence time (days) of water in 3 effluent areas of
the river Klarélven estimated in 2 cases by the salt dilution
method (17, 19) and in addition by a morphometric approach
Wallin and Persson (17).

Salt dilution 1  Salt dilution 2  Morphometric

17) (29) approach (17)
Bay Kattfjorden - 28 19
Bay Hammardsjon 8 14 14
Bay Satersholmsfjarden 16 29 12
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water to start resuming its equilibrium, thereby inducing oscil-
lating movements, known as seiches. The seiches arise both at
the surface, as surface seiches, and in the thermocline, internal
seiches, which are discussed below. Surface seiche periodicity
depends on the shape of the basin and the thermal stratification.
The theory behind calculations of the periodicity of seiches was
formulated at the turn of the 19" century (23). The uninodal sur-
face seiche of L. Vittern has a periodicity of 179 min and a maxi-
mum amplitude of 12—-13 cm (24).

In large, Northern Hemisphere lakes, e.g. L. Ontario (25) and
L. Vénern (26, 27), winds and global rotation create a cyclonic
circulation that gives the thermocline a calotte-like shape. Dif-
ferent methods of estimating the cyclonic circulation of L.
Vinern have produced similar results. The methods used are the
dynamic height method based on measurements of temperatures
(27, 28), and mathematical modelling of currents (29). The es-
timated pattern of circulation (Fig. 4) has been verified by meas-
urements of currents. For L. Vittern neither simulations nor ob-
servations have been able to prove the occurrence of cyclonic
circulation (30). Cyclonic circulation is not expected to occur
in L. Mélaren and L. Hjédlmaren where the basin topography
probably is too irregular, and their littoral zones too long in com-
parison to their areas.

Internal seiches: iv) The tilting of the thermocline in response
to an altered wind stress, causes large movements of water. In
L. Vittern, seiche-like movements of the thermocline at the ends
of the lake (Fig. 1) may move upward or downward more than
15 m within a few days and considerable amounts of water are
displaced. In large lakes, the global rotation causes the internal
seiche to take the form of a rotating wave (Kelvin wave). In the
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Figure 4. Dominating current directions in August 1971 and 1972 in
Vanern according to measurements performed with automatic
recording equipment (26).

Ambio Vol. 30 No. 8, Dec. 2001

© Royal Swedish Academy of Sciences 2001

Northern Hemisphere, this wave turns anticlockwise with the
same periodicity as the internal seiche. The rotating wave is af-
fected by the topography of the shore and of the bottom of the
lake. Therefore, these waves are also known as topographic
waves. In regions close to the shore the currents are amplified
and become parallel to the shore. The effect on the shore zone
is determined by the wave-phase speed of the internal seiche and
the Coriolis factor, which in itself depends on latitude. These
currents are known as “coastal jets” and have been observed in
Virmlandssjon basin (Fig. 1) of L. Vénern (28). Wave motions
similar to Kelvin waves have been detected in L. Vittern by ob-
servations of vertical temperature profiles and continuous meas-
urement of currents. The periodicity has been estimated to be c.
136 hrs and the phase speed c. 0.5 m s (30).

THERMODYNAMICS

Heating and cooling processes as well as the resulting lake tem-
peratures depend on basin size and form in combination with
meteorological conditions, and is best brought forward by con-
sidering the different seasons separately.

Winter

The temperature of the large lakes sinks below 4°C in the win-
ter. The dissimilarities in sizes and shapes are responsible for
temperature variations, both within and between the different
lakes. Large, deep lakes have a greater capacity for storing heat
than small lakes. As a consequence the cooling process of large
lakes is slower than that of small lakes which influences the win-
ter freeze-up.

Presence of ice affects the temperature, circulation and light
levels, all of which influence the biota of the lakes. L. Milaren
and L. Hjdlmaren freeze virtually every year with occasional de-
viations, whereas L. Vanern and L. Vittern rarely do so, except
in areas close to the coast and in archipelagoes. Lakes not cov-
ered with ice are subject to an overall equalization of water tem-
perature and chemical properties, both caused by wind-gener-
ated turbulence and convection. The water in ice-covered lakes
develops a vertical temperature stratification with warmer wa-
ter (= 4°C) at the bottom and cooler at the surface, a pattern
which is reinforced during the winter due to emission of heat
from the sediments. The vertical mixing of water under such con-
ditions is very slow, leading to a chemical stratification. In some
parts of L. Mélaren, this pattern leads to an oxygen deficiency
in the bottom layers, caused by decomposition of organic mat-
ter. A study of the Asfjorden Bay in the 1970s, a heavily pol-
luted bay in L. Vénern, showed that serious oxygen deficiency
only occurred during winters when the Bay was covered with
ice.

When considering a future situation, including the possibility
of global warming (31), alterations in freezing and ice condi-
tions must be taken into account, especially for lakes that lie in
the border zone of freezing or only freeze partially. The four
large lakes belong to this category.

Spring

Spring can be defined as the warming-up period, starting when
the water temperature of the lake exceeds the density maximum
at 4°C and ending when a thermocline has developed through-
out the lake. A temperature increase occurs at the surface, and
winds then promote the mixing of heated water with underly-
ing layers. Initially, there is a vertical mixing of water masses
due to low stability of the waterbody. There is frequent break-
ing-up of the thermocline, due to spells of strong winds and pe-
riods of low insolation. As temperature rises also the density dif-
ferences increase leading to higher stability and thermal strati-
fication.
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In the case of large lakes, subject to winter temperatures be-
low 4°C, the increase in water temperatures in the spring causes
a phenomenon known as thermal bar. Thermal bar is typical for
large open basins and has only been observed in L. Vanern (32).
The expression refers to the barrier of 4°C-water, which builds
up between the areas close to the shore and the central, open
area of the lake (Fig. 5). Between this barrier and the shore the
heating proceeds at a steady pace and a thermocline might de-
velop. The water in the central part of the lake warms up more
slowly, as a lot more heat energy per surface area is needed be-
fore the temperature reaches 4°C. During this phase there is an
intense vertical circulation of water, supplying deeper layers with
oxygenated surface water. As the heating goes on, the thermal
bar moves towards the central part of the lake and disappears
when temperatures throughout the waterbody exceed 4°C. The

thermal bar isolates the zones close to the shore from the cen-
tral parts, a situation which influences both pollution patterns
and the biological production. The duration of the thermal bar
is usually around a month. In even larger lakes, like Lake
Ladoga, there is also an additional thermal bar during autumn
cooling (13).

Summer

During summer, the thermocline stabilizes and deepens. The
process has been investigated using temperature data from all
four lakes, and temperature profiles for July exemplify summer
conditions (Fig. 6). Complementary data (Table 6) support the
description of seasonal thermodynamics. In Figure 7, the me-
dian strength and position of the thermocline during May though
September is presented.

Figure 5. Surface temperatures
indicating the thermal bar in
Vanern. Satellite imagery from
1971-05-12 (26). Prevailing wind
direction SW, windspeed 2—-6 m s
The thermal bar does not develop
along the northwestern shore of
Varmlandssjon, as the
predominating winds drive water
onto the windward side.

=i

10 20 km

Table 6. Thermal conditions in the studied lakes based on temperatures from the regular monitoring program. Thermocline depth a nd
temperatures of the epilimnion are given mid-monthly for June—September. Lake mean depths are included for comparison.

June July August September
Mean depth Temp Depth Temp Depth Temp Depth Temp Depth
(m) (%) (m) (S (m) (%) (m) (°C) (m)
L. Vattern 39.8 8.3 17.5 13.2 11.0 11.7 16.0 12.6 =
L. Véanern 27.0 9.8 10.3 15.2 12.3 16.8 585! 13.3 235
L. Malaren 12.8 13.3 125 17.0 10.0 17.8 12.0 14.5 20.0
L. Hjalmaren 6.1 15.8 - 18.6 - 18.7 - 10.6 -
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Depth m

From Table 6 it can be seen that L. Vittern has the lowest
epilimnion temperatures of the four lakes. L. Hjdlmaren on the
other hand has the highest summer temperatures. The reason be-
ing that deep lakes have a higher heat storage capacity than shal-
low lakes. Thus, deep lakes are both heated and cooled down
slower than shallow lakes. There is a significant negative corre-
lation between mean depth and epilimnion temperature in June
(R*= 0.96), July (R*= 0.99), and August (R*= 0.87). In Sep-
tember when cooling has proceeded, the shallow L. Hjdlmaren
has cooled much faster than the other lakes, and reached the low-
est temperature.

In the deep L. Vittern, the thermocline develops late (June)
is weak (no distinct transient) and also breaks early (Fig. 7). The
thermocline is much weaker than for instance in L. Ekoln, a
subbasin of Mélaren. In the shallow L. Hjdlmaren no thermocline

Figure 6. Long-term mean water temperatures in July as a
function of depth in Vattern (site Edeskvarnadn NV), Vanern
(site Tarnan SSO), Mélaren (sites Ekoln and Bjorkfjarden),
and Hjalmaren (site Storhjalmaren). Data from thermistor
measurements. Sampling interval 1-2 m.
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Table 7. Total input of water (m *s™) during the summer period (120
days) in relation to water "supplied” from the hypolimnion by the
downward propagation of the thermocline (average conditions).
Lake Mélaren

Lake Vanern Lake Vattern

Total input (total) 593 66 188
From hypolimnion (hypo) 5300 8300 550
Ratio hypoftotal 9 126 3

Ambio Vol. 30 No. 8, Dec. 2001

© Royal Swedish Academy of Sciences 2001

Strength of thermocline

oC m41

Depth of thermocline

10

Depth m

20—

30 I
May

Sept.

—=— | ake Vattern

Figure 7. Median

strength and position

of the thermocline,

May — September in Vattern
(site Edeskvarnadn NV),
Vanern (site Tarnan SSO)
and Malaren (sites Ekoln and
Bjorkfjarden) Data from
thermistor measurements.
Sampling interval 1-2 m.

Lake Vanern
Lake Méalaren

Ekoln basin
Lake Méalaren

develops. In L. Vinern the strength of the thermocline reaches
its maximum in July while L. Milaren and L. Vittern develop
their strongest thermocline in August. The lowering of the
thermocline (Fig. 7) progresses during summer and reaches its
maximum depth in September. The maximum depth of the
thermocline varies among the stratified lakes between 17 and 24
m.

The strength of the thermocline is defined as the maximum
vertical temperature gradient expressed as °C m'. It varies in
the lakes between 0.3 and 2.6°C m ' (Fig. 7).

The lowering of the thermocline leads to a continuous entrain-
ment of hypolimnion water to the epilimnion, a process which
supplies nutrients for the production. From a hydrochemical
point of view it is interesting to relate this entrainment to exter-
nal inflow into the epilimnion from tributary watercourses and
precipitation over the lake surface (Table 7). The epilimnion of
L. Vinern receives c. 55 km’ former hypolimnion water in 120
days, a figure equivalent to an external inflow of 5300 m’ s,
which is 9 times as much as that supplied by tributaries and pre-
cipitation. The corresponding value for L. Mélaren is 3 times as
much input from a deepening of the thermocline than from ex-
ternal inflow and for L. Vittern the value is 126 times. From a
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hydrochemical point of view, L. Milaren is least affected by a
difference in water quality between the hypolimnion and the
epilimnion, whereas the surface water of L. Vittern is extremely
dependent on the condition of the hypolimnion.

Autumn

The cooling process begins in September and the water tempera-
tures decrease. Downward convection, caused by a cooling of
the surface water, destabilizes the body of water. The thermo-
cline weakens and sinks. The destabilization is further reinforced
by the increased frequency of strong winds occurring in the
autumn. At the end of September or beginning of October the
vertical mixing of water is complete and remains so until the
lake eventually freezes. As with most thermic processes basin
size and depth are instrumental for the pace of the cooling
process leading to the different timing of stratification break-up
(Table 6).

CONCLUSIONS

Lake Viinern is large enough to enable the occurrence of cyclonic
circulation. It also allows internal waves, described as Kelvin
waves. A thermal bar, which temporarily separates nearshore
water from the more central waterbody, develops during the
spring. The residence time is long, but even so the precipitation
over the surface of the lake affects the chemical properties of
the lake to a comparatively small degree. Lake response to
changes in the pollution load is slow. The archipelagean regions
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